cardiovascular risk factors (9, 10 ) , although little is known about whether they are involved directly in the formation of calcium phosphates.
Because the various risk factors involved in vascular calcification are not necessarily present in one pathologic stage of lesion development, vascular calcification may proceed through different mechanisms. For example, vascular calcification may initiate with matrix vesicle formation and mineralization, following a process similar to that in bone (11 ) . Campbell and Campbell (12 ) and Steitz et al. (13 ) demonstrated the association of smooth cell phenotypic transition with vascular calcification, indicating that calcification in advanced atherosclerotic lesions may be an organized, regulated process similar to bone formation and may even have purpose (14 ) . On the other hand, the temporal and spatial association of CH with HAP in the early stages of atherosclerosis (5 ) and the structural compatibility between the (001) crystalline planes of both HAP and CH monohydrate (15 ) imply that a physicochemical mechanism is also possible under certain circumstances.
The role of CH monohydrate in HAP formation was anticipated by Craven (15 ) in 1976. On the basis of crystal structure analysis of both CH monohydrate and HAP, Craven proposed that, with the intervention of a transition layer of hydrogen-bonded water molecules, a microcrystal of either structure may serve as a nucleus for growth of the other. In 1990, Hirsch et al. (16 ) reported the precipitation of CH on HAP seeds that were either added or formed in situ in solutions containing ethanol. The close spatial relationship between the two kinds of crystals was further confirmed by Hirsch et al. (5 ) and Sarig et al. (17 ) with confocal fluorescence microscopy. They demonstrated the association of CH with the surface of HAP seeds and the incorporation of CH within calcium phosphate-CH agglomerates produced in vitro, although the conditions under which they carried out their experiments were physiologically impossible because of the presence of large amounts of ethanol in their solutions. Most importantly, they found that CH was within apatite particles isolated from human atherosclerotic lesions, confirming that calcification around a CH nucleus can happen in vivo (17 ) .
In addition to CH, CH ester [e.g., cholesteryl linoleate (CHE)], oxidized CH in the form of cholestane-3␤,5␣,6␤-triol (OX-CH), lipids, LDL, and its oxidized form (Ox-LDL) are often found in atherosclerotic lesions (4, 18 -20 ) . The CH that accumulates in atherosclerotic lesions originates primarily in plasma lipoproteins, including LDL (9, 21 ) . To gain insight into the roles of LDL, CH, and their oxidized forms during the early stages of vascular calcification, we investigated the effects of these substances on the precipitation of calcium phosphates in aqueous solutions under constant physiologic pH and 37°C. We found that CH is the only one of the investigated compounds that accelerated the nucleation phase in vitro. This finding, which is in agreement with the results reported by Hirsch et al. (5 ) and Sarig et al. (17 ) , provides a connection between the in vitro and in vivo studies. Because no CH-induced precipitation of calcium phosphates has been reported for bone formation, this finding may also reveal one of the main differences between cardiovascular calcification and bone formation.
Materials and Methods materials and solutions
CH (C3045), OX-CH (C2523), CHE (C0289), l-␣-phosphatidylcholine (PC; P5638), CaCl 2 ⅐ 2 H 2 O (C7902), NaN 3 (S2002), bovine albumin fraction V (A9674), and thiobarbituric acid (TBA; 5500) were all purchased from Sigma. 1,1,3,3-Tetraethoxypropane was obtained from Merck. Folin-phenol reagent for protein content determinations was obtained from Ding-Guo Co. Other reagents were of analytical grade. The water used for preparing solutions was deionized and freshly doubly distilled.
For the calcium chloride stock solution, CaCl 2 ⅐ 2H 2 O and KCl were dissolved in an appropriate volume of water. The solution pH was adjusted to 7.4 with NaOH on a pH meter (ZD-2 digital autotitrator), and the solution was filtered twice before use through 0.45 m nylon syringe filters (Beijing Chemicals). The mean (SD) final concentrations of calcium in the filtrate were 69.3 (0.6) mmol/L for experiments with LDL and Ox-LDL and 34.5 (0.1) mmol/L for experiments with CH, OX-CH, CHE, and PC, as measured by inductively coupled plasma atomic emission spectrophotometry (ICP-AES; Leeman Labs Inc.). The filtrate contained 0.150 mol/L KCl to maintain the ionic strength and 2.0 mmol/L NaN 3 to prevent microbial growth.
For the phosphate stock solution, the desired amounts of KH 2 PO 4 , KCl, and NaN 3 were dissolved in water. The solution pH was adjusted to 7.4 with NaOH on a pH meter (ZD-2), and the solution was filtered twice before use through 0.45 m nylon syringe filters. The final concentrations of KCl and NaN 3 were 0.150 mol/L and 2.0 mmol/L, respectively, as in the calcium chloride stock solution. The phosphate concentrations of the solutions were 46.9 (0.4) mmol/L for experiments with LDL and Ox-LDL and 23.5 (0.2) mmol/L for experiments with cholesterol, OX-CH, CHE, and PC, as measured by ICP-AES.
The KOH solution was prepared under a nitrogen atmosphere from washed KOH pellets and contained 2.0 mmol/L NaN 3 . The exact concentration was 50.20 mmol/L as titrated with potassium hydrogen phthalate. The solution was filtered twice before use through 0.45 m nylon syringe filters.
We prepared the phosphate-buffered saline (PBS) for dialysis of protein solutions by dissolving 8.0001 g of NaCl, 0.2001 g of KCl, 3.5804 g of Na 2 HPO 4 ⅐ 12 H 2 O, 0.2015 g of KH 2 PO 4 , and 0.1999 g of NaN 3 in water, titrating the solution with KOH solution to pH 7.4, and bringing the final volume up to 1.0 L with water.
The dialysis tubing (M r 8000 -14 000; Union Carbide) used throughout the experiments was boiled in solution containing 20 g/L NaHCO 3 and 1.0 mmol/L disodium EDTA for 10 min, followed by washing vigorously with water. The dialysis tubing was dipped in water for more than 5 h, and the water was changed once every hour during the period. The tubing was then boiled in water for 10 min and kept at Ͻ4°C in water containing 2.0 mmol/L NaN 3 before use. LDL was provided by the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences. The concentrations of the protein ranged from 3 to 4 g/L, and the solutions, buffered at pH 7.4, contained 9 g/kg NaCl, 0.3 g/kg NaN 3 , 0.10 g/kg EDTA, and 20.0 mmol/L Tris. To remove the EDTA from the protein solution, 1.7-mL aliquots of protein solution were dialyzed (M r 8000 -14 000 cutoff dialysis tubing) in the dark against 500 mL PBS at 4°C for 24 h (two changes of 500 mL of PBS).
Aliquots of the dialysate were used for preparation of Ox-LDL by the method of Liu et al. (22 ) . To the protein solution, Cu 2ϩ was added to a final concentration of 10 mol/L. The mixture was then sealed and incubated at 37°C for various times to achieve oxidation. The reaction was ended by the addition of EDTA up to 200 mol/L. Aliquots of the solution were used to determine the extent of oxidation (see below), and the remaining solution was dialyzed as above to remove Cu 2ϩ and EDTA. The protein content was determined with Folin-phenol reagent as described by Lowry et al. (23 ) , using bovine serum albumin as the calibrator.
The extent of oxidation of the protein was measured as the amount of TBA-reactive substances (TBARS) according to the published procedure (24, 25 ) . Solutions containing LDL or Ox-LDL (containing 25 g of protein) were mixed with 1.5 mL of 6.7 g/L TBA and 1.5 mL of 200 mL/L Cl 3 CCOOH. After heating at 100°C for 30 min, the product was assayed fluorescently on a spectrofluorometer (RF-5301PC; Shimadzu) with excitation at 515 nm and emission at 535 nm. The amount of TBARS was estimated by comparison of the produced fluorescence intensity of the sample solution (F) with that of the standard substance, tetramethoxypropane (F S ) according to the formula: 400ϫ F/F S (nmol/mg of protein).
To prepare suspensions containing CH, OX-CH, or CHE, we dissolved the appropriate amount of the substances (15.0 or 30.0 mg of CH, 15.0 mg of OX-CH, 30.0 mg of CHE, 30.0 mg of PC, and 30.0 mg of PC plus 15.0 mg of CH) in CHCl 3 in a 100-mL round-bottomed flask. The solvent was then removed by use of a rotary evaporator. We added 10 mL of 0.150 mol/L KCl to the flask under nitrogen, and then sonicated the solution for 30 -40 min after 30 min of hydration. The distribution of the particle sizes in the suspensions was measured on a LA-300 particle size analyzer (HORIBA).
kinetic measurements
The pH-stat technique as described by Hunter et al. (26 ) was used for the kinetic study of calcium phosphate precipitation. Stock solutions of CaCl 2 and KH 2 PO 4 were diluted separately to 16.67 times of the original volume with 150 mmol/L KCl and warmed to 37°C in a water bath. Equal volumes (25 mL) of the two solutions were then mixed with protein solution (Ͻ1 mL) containing either LDL or Ox-LDL in a water-jacketed Pyrex cell. The total volume of the mixture was ϳ50 mL. For other experiments, we mixed 100 mL each of diluted CaCl 2 and KH 2 PO 4 solutions and added 10 mL of a solution containing CH, OX-CH, or CHE to obtain the desired concentration. The total volume was 210 mL in these cases. The temperature was kept constant at 37.0 Ϯ 0.2°C. For experiments with the protein components, we mixed 20.0 mL of diluted CaCl 2 and 20.0 mL of diluted KH 2 PO 4 with 10 mL of solution containing one or two of the components. We rapidly titrated the mixture to pH 7.4 while it was being stirred magnetically at a constant speed and purged with water vapor-saturated nitrogen gas (N 2 Ն99.995%) at a constant rate, after which we immediately began timing the reaction. The pH of the solution was then kept constant by the addition of 50 mmol/L KOH under the control of a pH autotitrator (ZD-2) that was equipped with a combinational glass electrode (E201-C9). The volume of KOH solution consumed in maintaining the pH constant was recorded at intervals of 5-60 min. A typical kinetic curve of calcium phosphate precipitation is composed of two parts: a nucleation phase followed by a crystal growth phase. The former refers to the period from time zero to the point at which the curve begins to rise rapidly, and the latter contains the rest of the curve. Both phases could be estimated from the kinetic curve. All kinetic data presented here are the means (SD) of three independent experiments.
At the end of the experiments with CH, OX-CH, or CHE, the deposits were collected by passing the suspension through a 0.22 m nylon syringe filter and washing the filter three times with ice-cold water. The deposits containing mixed PC/CH vesicles, as well as those containing PC vesicles, were collected by centrifugation at 20 000g for 30 min on a centrifuge (LD4-2A) and washing three times with ice-cold water, followed by drying at 50°C.
characterization of precipitates
The x-ray diffraction (XRD) analysis was carried out on a DMAX/2000 with monochromated radiation (Cu K␣; ϭ 0.154 nm) at a rate of 4 degrees/min. Scanning electron microscope analyses were performed on an S-250MK3 scanning electron microscope equipped with an energydispersion x-ray (EDX), and transmission electron microscope analyses were performed on a H-9000NAR transmission electron microscope (Hitachi) equipped with an EDX.
To determine the calcium and phosphate content in vesicles, we dissolved parts of the precipitates in 0. 
Results

effects of ldl and Ox-LDL on precipitation kinetics
The three experiments displayed in Fig. 1 are for a control (i.e., without LDL; F), a sample with low LDL content (14.8 mg/L protein; Ⅺ), and a sample with approximately threefold higher LDL (43.1 mg/L protein; ‚). The initial concentrations were 2.08 (0.02) mmol/L for calcium and 1.41 (0.01) mmol/L for phosphorus as determined by ICP-AES. The concentration of the titrant KOH was 52.29 mmol/L, as calibrated by potassium hydrogen phthalate. As soon as calcium phosphate precipitates formed, the protons released by H 2 PO 4 Ϫ and HPO 4 2Ϫ were autotitrated by KOH. By recording the consumed volume of KOH along the time course, we could plot a kinetic curve. As shown in Fig. 1 , not only did the presence of LDL at the two concentrations (14.8 and 43.1 mg/L protein) produce no obvious differences (P Ͻ0.05, t-test) in the kinetics, but the two curves in the presence of LDL and the one in the absence of LDL almost overlapped.
Oxidative modification of LDL remarkably changed the effect of the protein on the kinetics of calcium phosphate precipitation. The control in Fig. 2 is the same as in Fig. 1 . As shown in Fig. 2 , in the presence of the protein (43.1 mg/L protein) that had been oxidized previously by incubation with Cu 2ϩ for 12 h, the nucleation phase was prolonged ‫)ء(‬ compared with that of the control (F). At a lower protein concentration (29.5 mg/L protein; Ⅺ), the change in the nucleation phase was smaller, although the protein had been oxidized more extensively, as indicated by the data in Table 1 . When we compared the three systems (Fig. 2, F , Ⅺ, and ‫,)ء‬ we observed no significant changes in the crystal rapid growth phase. However, the crystal rapid growth phase did change significantly in the presence of more highly oxidized protein (oxidative modification for 24 h) at a higher protein concentration (43.1 mg/L protein); the portion of that curve (Fig. 2, ‚) showing the crystal rapid growth phase is less steep than the corresponding portions of the other curves.
oxidative modification of ldl
The extent of oxidation of the protein increased with increasing incubation time with Cu 2ϩ at 37°C. As listed in Table 1 effects of ch and its oxidized forms on precipitation kinetics
Addition of CH microcrystals accelerated the nucleation phase of the precipitation kinetics. The initial concentrations were 1.82 (0.01) mmol/L for calcium and 1.23 (0.01) mmol/L for phosphorus. The concentration of the titrant KOH was 50.24 mmol/L. In the presence of CH as a suspension at a concentration of 71.4 mg/L (Fig. 3A, ‚) , the nucleation time decreased to 300 min, compared with 390 min for the control system (Fig. 3A, F) . At a higher CH concentration (143 mg/L), the nucleation phase was even shorter (270 min; Fig. 3A , Ⅺ). After CH was distributed into phospholipid vesicles, its promotive effect on the nucleation of calcium phos- phates was overwhelmed by the inhibitive effect of PC molecules. As shown in Fig. 3B , without CH, the phospholipid vesicles alone (Fig. 3B, ‚) lengthened the nucleation phase to 600 min, more than 150% of that of the control system (390 min; Fig. 3B, F) . In the presence of CH/PC mixed vesicles (Fig. 3B, Ⅺ) , the nucleation phase was 480 min, indicating that the promotive effect of CH partially counteracted the inhibitive effect of the phospholipid molecules. OX-CH is one of the main forms of oxidized CH in vivo. As shown in Fig. 4 , the oxidized CH made the nucleation phase (420 min; Ⅺ) longer than that of the control system (390 min; F), an effect that was quite different from the nonoxidized ones (Figs. 3A and 4, ‚) . Similarly, the presence of CHE also lengthened the nucleation phase (630 min; Fig. 4 , ‫.)ء‬ size distributions of ch and ox-ch particles
In the suspensions, the middle values of the particle diameters of CH and OX-CH were 40.64 and 20.78 m, respectively, as shown in Fig. 5 At the end of the experiments with CH microcrystals as seeds, the precipitates were separated and analyzed by XRD. As shown in Table 3 , the d values in the 2 range 13.100 -23.520 were characteristic of the CH standard (JCPDS card no. 70742 for C 27 H 46 O), indicating that CH underwent no chemical changes that led to mineral formation.
The molar ratios of calcium/phosphorus in precipitates were calculated from the ICP-AES analysis as described at the end of the section on characterization of precipitates and are listed in Table 4 . The highest and the lowest calcium/phosphorus molar ratios occurred in the system containing CH microcrystals (calcium/phosphorus ϭ 1.490) and phospholipid/CH mixed vesicles (calcium/phosphorus ϭ 1.356), respectively.
The scanning electron microscopic results for the precipitate sections are shown in Fig. 6 . The precipitates formed in the presence of CH had an organic core (Fig. 6B , arrow), whereas the amounts of calcium (11%) and phosphorus (17%) are much less than in the "shell" (calcium, 66%; phosphorus, 34%) as determined by the EDX analysis. This phenomenon is distinct from those in other systems (Fig. 6, A, C and D) .
The EDX analysis for the precipitate shown in Fig. 6B also indicated that the calcium/phosphorus molar ratios are 1.42, 1.47, and 1.53, respectively, on the outer surface, in the middle of the mineral layer, and at the interface between the mineral layer and the organic core. The crystal characteristics based on XRD analysis of the precipitate at the interface are listed in Table 5 . 
Discussion
Vascular calcification can be affected (or even directed) by various biological factors. Many proteins involved in bone formation have also been found in vascular calcification. However, the possibility cannot be excluded that the vascular calcification possesses some idiosyncratic characteristics different from that of bone formation. Clinical, epidemiologic, and genetic studies have convincingly demonstrated that LDL promotes atherosclerosis or, specifically, promotes the development of the early fatty-streak lesion (28 ) . Because vascular calcification can also occur in this stage (2 ) , one may expect LDL to play a role in vascular calcification. As is shown in Fig. 1 , in the control system, the nucleation phase lasted 120 min before the rapid growth phase began, and no significant difference was observed for systems containing LDL at the two protein concentrations (14.8 and 43.1 mg/L protein). These findings seem to suggest that LDL neither prohibits nor promotes the formation of calcium phosphates.
Whether a protein can influence calcium phosphate precipitation depends on the protein's amino acid sequence and conformation. Studies on bone sialoprotein have suggested that one or both of the protein's glutamic acid-rich sequences are involved in promoting the nucleation of HAP (29 ) , whereas the phosphate and carboxylate groups of osteopontin, possibly including the conserved sequence of contiguous aspartic acid residues, may be required for the protein's inhibitive effect on HAP formation (26 ) . However, the promotive and inhibitive effects of carboxylate and phosphate groups, respectively, seem not applicable to the effects of LDL.
After oxidative modification, LDL was transformed to Ox-LDL. As indicated by the data in Table 1 , Ox-LDL that had been produced by oxidation of LDL for 24 h produced twice as many TBARS as Ox-LDL that had been produced by 12 h of oxidation. The oxidized form of the protein contains lecithin and oxidized CH (e.g., triglycerides), in addition to Ox-apoLDL. The concentrations of cholesteryl ester and oxysterols are lower and higher, respectively, in Ox-LDL than in LDL. The increased negative charges on the surface of these particles endow Ox-LDL with higher calcium-binding capacity, an effect that reduces the concentration of Ca 2ϩ in the solution. As shown in Fig. 2 , both the nucleation and crystal rapid growth phases can be inhibited by Ox-LDL. It is noteworthy that at the same concentration, the difference in oxidative content produced a difference in the crystal rapid growth phase (Fig. 2, ‚ and ‫,) ء‬ whereas the difference in the concentration of the oxidized protein, regardless of the extent of oxidation, made a difference only in the length of nucleation phase (Fig. 2, F , Ⅺ, and ‫.)ء‬ More intensive oxidization of LDL inhibited both the nucleation and crystal growth phases (Fig. 2, ‚) . This fact indicates that binding of calcium ions on Ox-LDL significantly diminished the ionic concentration.
As shown in Table 1 , even nonoxidized LDL contains a small amount of oxidized material. One may expect that a small shift would be observed in the curve in Fig. 1 , at least for the highest protein content (43.1 mg/L protein). However, this tendency was not observed under experimental conditions. One explanation is that the small amount of oxidized material in nonoxidized LDL was contained inside the core of the LDL or buried in the lipid monolayer, whereas in Ox-LDL the conformation, as well as the composition, of the protein changed.
CH, OX-CH, and CHE, being independent vascular risk factors, respectively, may also be taken as the components of LDL and Ox-LDL. To understand which component of LDL and Ox-LDL is responsible for their effects, we also studied these substances. As seen in Figs.  3 and 4 , it was the nucleation stage that was affected significantly. As soon as ion clusters in the supersaturated solutions grew to the critical size, nuclei formed. Afterward, the rapid growth stage commenced and was insensitive to the effects of these protein component substances.
CH is the only one of the investigated additives that accelerated the nucleation of calcium phosphates (Fig.  3A) . This finding supports the hypothesis of enhanced interaction between some crystal surfaces of CH and those of certain calcium phosphates. Scanning electron microscopic analysis on the section of a precipitate particle showed that there is an organic core inside the particle (Fig. 6B) , and the composition of the core is, as indicated by the XRD data in Table 4 ; 1.42, 1.47, and 1.53 around the organic core by EDX analysis; see the section on product analysis) are different from that of DCPD (calcium/phosphorus ϭ 1.0). The formation of ␤-TCP seems less possible at ambient temperatures (31 ), although its calcium/phosphorus ratio (1.5) is close to the measured values. Even on the ␤-TCP seed crystals, it was OCP that formed, instead of ␤-TCP (35 ) . Hence, ␤-TCP can also be excluded.
Several results suggest that the mineral layer around the cholesterol core is DHAP [JCPDS card no. 460905 for Ca 9 (HPO 4 )(PO 4 ) 5 (OH); calcium/phosphorus ϭ 9/6 ϭ 1.50]. Listed in Table 2 are the XRD data for the final products obtained in various reaction systems. For the inorganic species separated in the experiments with CH, the 2 values at 25.94 degrees (crystal face 002) and 31.70 degrees (crystal face 211; Table 2 , column 11) are characteristic of HAP. The crystal face characteristics corresponding to the diffraction rings produced by the precipitates at the inorganic-organic interface are very close to those of HAP (Table 5 ). The calcium/phosphorus molar ratios of the inorganic compound in contact with the organic core were 1.50 and 1.53, respectively, by scanning Sarig et al. (17 ) , provides a connection between the in vitro and in vivo results. Furthermore, because there has been experimental confirmation for both CH precipitation on HAP seeds (16 ) and HAP precipitation on CH seeds (present study), Craven's (15 ) notion that "a microcrystal of either structure may serve as a nucleus for growth of the other" has been substantiated.
The calcium/phosphorus molar ratios of the precipitates, 1.47 in the middle of the inorganic layer and 1.42 on the outer surface, are between those of HAP (calcium/ phosphorus ϭ 1.67) and OCP (calcium/phosphorus ϭ 1.33). These results are consistent with the findings of Nancollas and Tomaži (36 ) that the rapidly formed mineral phase on HAP seeds is OCP, based on the similarities in part of their crystalline structure (37 ) . The calcification seems to start with slow precipitation of (DHAP) HAP on microcrystal nuclei of CH monohydrate, followed by rapid deposition of OCP on HAP. The slowness of the nucleation should be the result of the structural compatibility between the crystals of CH monohydrate and HAP. Because the rapid growth phase is ϳ9 h and the duration of the experiment was 14 h, the transformation of kinetically favored OCP to more stable HAP should not be complete.
Because calcifiable vesicles may have a role in plaque calcification (38 ) , much work has been done on phospholipid vesicles as substitutes of matrix vesicles in simulative biomineralization research. Both promotive and inhibitive roles have been reported for various phospholipid vesicles. Our results show that phospholipid vesicles (Fig. 3B, ‚) , contrary to the promotive effect of CH microcrystals, made the nucleation phase even longer. This effect of lipid molecules was partially counteracted by CH distributed in the vesicles (Fig. 3B, Ⅺ) . Because lipids and CH, from destroyed cells or accumulated in the vascular intima directly from blood plasma, may form calcified sites in vivo (6 ), our findings may be of physiologic and pathologic importance.
The calcification-inducing effect has been reported for vesicles composed of phosphatidylserine (39, 40 ) . This has been attributed to the negative charges carried by the phospholipid molecule at pH 7.4. The attraction of the negative carboxylic groups of phosphatidylserine to calcium cations may finally lead to the formation of the heterotrimetric phosphatidylserine-Ca 2ϩ -PO 4 3Ϫ complex that initiates nucleation on vesicle surface by reducing the activation energy. This concentration effect facilitates the nucleation and growth of calcium phosphates. Vogel (41 ) reported that electrically neutral lipids, e.g., phosphatidyl glycerol, did not induce calcium phosphate precipitation. Under our experimental conditions, PC exhibited an inhibitive effect. It seems that only the calcium cations were attracted to the phospholipid molecules, diminishing the calcium concentration while leaving the phosphate anions in solution, thus producing a longer nucleation phase.
effects of ox-ch and che on the precipitation kinetics of calcium phosphate
As some of the products of LDL oxidation, both CHE and OX-CH may be present in blood vessels. Because Ox-LDL inhibits the nucleation stage of calcium phosphate precipitation (Fig. 2) , one may expect that the components of Ox-LDL operate similarly. Indeed, as indicated by the nucleation times shown in Fig. 4 , the inhibitive effect of the less polar CHE is stronger than that of OX-CH on the precipitation. The lack of promotive effect of the two kinds of substances on nucleation may be attributed to the absence of stereochemical matching, implying that the two substances do not serve as nucleation sites in calcium phosphate precipitation. The specific reason for the differences in the inhibitory capacities of CHE and OX-CH remains unknown. It is noteworthy that CH acted as a promoter for calcification, whereas OX-CH acted as an inhibitor, although the specific surface area of the former is smaller than that of the latter ( Fig. 5 ; a larger particle size corresponds to a smaller specific surface area). These observations show the importance of structural compatibility in vascular calcification.
In conclusion, we investigated the physicochemical effects of LDL, CH, and their oxidized forms. LDL is not involved directly in the precipitation of calcium phosphates. Ox-LDL is inhibitive to both nucleation and crystal growth, although it promotes atherosclerosis biologically. Because of the structural compatibility in the crystalline form, CH microcrystals serve as seeds for inducing the precipitation of HAP, whereas PC, OX-CH, and CHE exhibit inhibitive effects on the nucleation of calcium phosphates. 
